Experimental testing of a masonry arch bridge model subject to increasing level of damage by Degiovanni, L. et al.
  
1 
Experimental testing of a masonry arch bridge model subject to 
increasing level of damage 
 
G. Ruocci 
Ecole des Ponts ParisTech, Paris, France  
 
L. Degiovanni, A. Quattrone, L. Zanotti Fragonara, R. Ceravolo & A. De Stefano  
Department of Structural and Geotechnical Engineering, Politecnico di Torino, Italy 
Keywords: Masonry Arch Bridge, Structural Health Monitoring, Operational Modal Analysis, 
 
ABSTRACT: Masonry arch bridges are particularly sensitive to the bearings loss produced by 
scour of the streambed soil at the piers foundations. A 1:2 scaled experimental model of a masonry 
arch bridge was built to study the evolution of the damage mechanism related to the application of 
foundation movements. The model was built with handmade clay bricks and a mortar with poor 
mechanical properties in order to reproduce typical materials of historical constructions, and an ex-
tensive characterization of the materials has been carried out. The mid-span pier is placed on a set-
tlement application system, expressly designed to simulate the scour effect, quantified through hy-
draulic flume tests performed on a further scaled down model. Damage levels of increasing 
intensity have been simulated through the application of pier settlements and rotations. 
Experimental vibration tests were performed on the undamaged structure and after each settle-
ment step. Both the environmental noise and the impacts of a sledge hammer were used as excita-
tion sources. A complete dynamic identification was carried out and the variation of modal parame-
ters at different levels of damage monitored. Moreover, the use of a testing shaker allowed 
investigating the non - linear behaviour of the damaged model. 
INTRODUCTION 
 
The paper presents a series of test campaigns performed on a masonry arch bridge model in the 
laboratory of the Department of Structural and Geotechnical engineering of the Polytechnic of Tu-
rin since 2006 to nowadays. The experimental model was mainly built to study the evolution of 
damage mechanisms related to the settlements of the central pier within the National Research Pro-
ject (PRIN) “Guide-lines for the surveillance and management of historical structures and infra-
structures, with the aid of automatic innovative monitoring systems”.  
In the last years the model was subject to a wide gamma of characterisation tests and analyses. 
The paper elucidates the knowledge course that has been chosen to investigate the model and how 
the various tests were planned and carried out.  
During the realisation of the model, a set of preliminary tests were carried out, mainly on the 
bridge materials. In this phase also a hydraulic flume test on a further scaled model was performed 
to simulate the scour effect. Two finite element (FE) models were also built in order to predict the 
model behaviour: a linear FE for designing vibration tests, and a non-linear one for predicting crack 
patterns due to the settlement application. 
The second phase of testing regarded the dynamic characterisation of the bridge model at differ-
ent damage steps. Nine damage steps were planned to be applied through a settlement application 
device. At each step a wide set of vibration tests were carried out, using different excitation 
sources, such as ambient vibrations, hammer impact and an electro-mechanic shaker. Through 
modal identification techniques, the modal parameters have been identified and, consequently, 
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Table 2. Damage steps, middle pier settlement, pier rotation, polystyrene removed. 
Experimental cam-
paign Damage steps Settlement [mm] Rotation [rad] Polystyrene
1st campaign Healthy State (HS) 0 0 0% 
2nd campaign 
DS1 0 0 18% 
DS2 0.25 0 25% 
DS3 1 4.21E-04 37.5% 
DS4 2.25 1.01E-03 47% 
3rd campaign 
DS5 2.25 1.23E-03 56% 
DS6 2.8 1.23E-03 72% 
DS7 3.6 1.27E-03 81% 
DS8 4.7 1.30E-03 91% 
DS9 7.6 1.28E-03 100% 
 
Table 3. Experimental tests timeline. 
 Time Step Excitation Measurements 
1s
t  c
am
pa
ig
n 
October 2008 HS AV, IH ACC, SG, T, OPT  
November 2008 HS AV, IH ACC, SG, T, OPT 
January 2009  HS AV, IH ACC, SG, T, OPT 
February 2009 HS AV, IH ACC, SG, T, OPT 
March 2009 HS AV, IH ACC, SG, T, OPT 
2n
d  c
am
pa
ig
n 
April 2009 
HS (applied masses) AV, IH ACC, SG, T, OPT 
DS1 AV, IH, S ACC, SG, T, OPT 
DS2 AV, IH, S ACC, SG, T, OPT 
DS3 AV, IH, S ACC, SG, T, OPT 
DS4 AV, IH, S ACC, SG, T, OPT 
3r
d  c
am
pa
ig
n September 2010 
HS (post-relaxation) AV, IH, S ACC, SG, T, OPT 
DS5 AV, IH, S ACC, SG, T, OPT 
October 2010 
DS6 AV, IH, S ACC, SG, T, OPT 
DS7 AV, IH, S ACC, SG, T, OPT 
DS8 AV, IH, S ACC, SG, T, OPT 
DS9 AV, IH, S ACC, SG, T, OPT 
 
Table 3 shows the timeline of the experimental tests. Different excitation sources were applied 
to the bridge model: ambient vibrations (AV), impact hammer (IH) and a shaker (S). Several phys-
ical quantities were monitored under the different excitations: acceleration measurements (ACC), 
strain deformation (SG and OPT) and temperature (T).  
The experimental test involved three different experimental campaigns. The first campaign re-
garded the undamaged structure (October 2008 - March 2009): an extensive set of dynamic tests 
was carried out on the bridge model in order to characterise its “healthy” state (HS). Monitoring of 
dynamical properties of the bridge showed a decrease in the structure stiffness through the whole 
campaign. This may be due to the development of some rheologic phenomena, like the concrete 
blocks creep or the mortar shrinkage, leading to strains incompatible with the stiffness of the arch 
barrels, might have produced a partial detachment between the masonry abutments and the arch 
barrels. 
The second campaign (April 2009) started after the application of additional masses on the cen-
tral pier, in order to take in account the weight of the missing part of the pier. In the same campaign 
the first four settlement steps were applied on the upstream side of the pier. In addition, parts of the 
polystyrene ring were removed at each step to simulate the erosion of streambed around the foun-
dation 
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In order to further investigate the transient phenomena, an instantaneous estimation of the modal 
parameters associated with the Frequency Response Function (FRF), was carried out. The imple-
mented methodology follows the optimisation procedure proposed by Ceravolo in (Ceravolo 2004). 
Figure 10 shows the results of the curve fitting procedure used to calibrate the modal parameters 
estimates. This allowed detecting the decreasing and increasing variation of the natural frequency 
and the damping ratio of the first identified mode, respectively. The increase in relative damping 
here is fictitious, being associated to the assumption of viscous damping. 
 
4.3 Non-linearity tests 
The tests conducted with the electro-dynamic shaker allowed investigating the presence of non-
linear phenomena. Interesting results were found in the resonance tests with different excitation 
levels. Figure 11 clearly shows the presence of super-harmonics in the resonance test of the first 
natural frequency, which become particularly intense at the higher sine-excitation test (100 N).  
 
Figure 11. Super-harmonics of the first natural frequencies manifest themselves at higher excitation levels. 
 
These non-linear effects will be subject of further studies, such as non-linear identification using 
an evolution of a recently developed technique (Ceravolo et al. 2010). In order to characterise the 
non-linear behaviour of the bridge, a static test will be performed in the same locations where the 
shaker was used. This will allow quantifying the tangent stiffness matrix related to an associated 
theoretical oscillator. 
 
4.4 Structural health monitoring  
A SHM methodology was developed using Outlier analysis (Worden et al. 2000); in order to 
exploit its limited computational effort, the damage sensitivity and the results accuracy. The choice 
of a data-driven approach to the damage detection was forced by the complexity and uncertainties 
of the structure which prevented to define a reliable numerical model and the difficulties to incor-
porate the noise effects which are unavoidable in the vibration measurements. Several outlier anal-
yses were carried out both in the time and in the frequency domain (Ruocci 2010). An on-line Out-
lier analysis procedure was also developed and the flow-chart of its algorithm is presented in 
Figure 12.  
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5 CONCLUSIONS AND PERSPECTIVES 
The paper has documented the extensive test campaigns carried out on a scaled masonry arch 
bridge subject to progressive damage steps.  The experimental tests covered the span of three years 
and the data analysis is still in progress. The final prospect is the development of new vibration-
based SHM approaches. This paper, in particular, describes the whole test programme in its various 
stages and strives for marking out a definite experimental path, as well as for outlining new plans 
and perspectives for SHM.  
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